Sustainable drainage (SUDS) is well known for its equal emphasis on water quality, water quantity, amenity and biodiversity. What is now beginning to be realised is that this approach can also help mitigate the impacts of global climate change (GCC) and provide assistance to city dwellers in adapting to the changes which have already occurred. By using case studies from around the world, this paper illustrates how vegetated SUDS devices can sequester and store carbon, cool urban areas and increase perceptions of health and well-being in the populace.
INTRODUCTION
Average temperatures have increased globally by 0.748C over the past 100 years (AMICA 2007) , but the extent of climate change and its future impacts are difficult to predict. Scenarios developed dependent on different storylines predict atmospheric carbon dioxide (CO 2 ) concentration of between 540 and 920 ppm by 2100 in comparison to today's value of about 400 ppm and pre-industrial concentrations of approximately 280 ppm (Nakicenovic et al. 2000) . These changing CO 2 concentrations may (Murphy et al. 2009 ) be reflected in increases in temperatures of between 2.2 and 6.88C by the 2080s and, while the average precipitation per year may be slightly lower than it is now, its temporal distribution will change such that summers may become drier, winters wetter and storms more common. died, 48,000 homes and 7,300 businesses were flooded and the total cost was £4 billion including the £1 billion for cleaning up the damage (ABI 2007). Water UK (2008: 5) states that 'Bigger pipes are not the solution to bigger storms', furthermore suggesting that sustainable drainage systems (SUDS) and 'sacrificial areas' are the ways forward.
Globally, surface water policy differs widely across regions. This is illustrated by the United Kingdom which is made up of four individual countries: England, Scotland, Northern Ireland and Wales. Scotland has policies which have enabled it to implement SUDS as a surface water management strategy for the last 15 years, whereas England, Northern Ireland and Wales have yet to fully embrace SUDS technology in their planning policies and guidance, and hence it is not widely implemented. As a result, a detailed coverage of policy will not be given here. This paper discusses the concept of SUDS, and the individual devices which can be used to construct a sustainable drainage system. Sustainable drainage is a flexible and multiple benefit approach which goes far beyond simply mitigating flooding and water quality concerns. By proposing that SUDS can green and cool urban areas, reduce the urban heat island effect (UHIE) and have positive impacts on human health, it is argued that in the future SUDS will be a powerful weapon in the arsenal of techniques used to combat a changing climate.
SUSTAINABLE DRAINAGE
Conventional hard drainage tends to concentrate on managing water quantity (Figure 1(a) ) by gathering all the runoff water from impervious streets and pavements into storm sewer systems which pass via gullypots, pipes and water treatment facilities into the receiving watercourse.
These systems can either combine foul and surface water or separate them. Water quality is of less concern to conventional drainage, and biodiversity and amenity are of little importance, hence urban streams have become 'neglected, abused, or modified' (Keller & Hoffman 1977: 237) .
SUDS are a suite of measures whose management approach is entirely different from that of conventional drainage. Instead of constraining surface water into pipes and conduits, forcing it to leave a city as quickly as possible, SUDS encourages infiltration and detention of surface water on site. It is a different way of managing water; instead of treating it as an embarrassment, to be hidden from sight and forgotten, it should be treated as a 'liquid asset' (Semadeni-Davies et al. 2008) in which society takes account of the behaviour of water, rather than water's behaviour having to change for the sake of society. These measures, devices or best management practices (BMPs in the USA) comprise above and below ground structures, essentially 'hard' constructions such as porous paving systems (PPS) and rainwater harvesting (RWH) which can usefully be combined (see Gomez-Ullate et al.
2010)
or 'soft' ones utilising vegetation such as green walls and roofs, constructed wetlands and swales whereby water is infiltrated into the ground or detained and allowed to dissipate slowly, for instance in detention and retention ponds. This approach is represented by the SUDS 'triangle' in which there is an equal balance between water quantity, water quality and biodiversity/amenity (see Figure 1(b) ), in contrast to that of conventional drainage. It is beyond the scope of this article to provide a detailed discussion of the design and construction of SUDS devices, and there are many sources of information which provide this (e.g. Charlesworth et al. 2003; Castro Fresno et al. 2005; GDSDS 2005; DTI 2006; CIRIA 2007; EA http://www.environment-agency.gov.uk/static/documents/ Leisure/GEHO0308BNSS-e-e.pdf; SEPA http://www.sepa.
org.uk/water/water_publications/suds.aspx; US EPA http:// www.epa.gov/npdes/stormwater/menuofbmps). However, Table 1 lists some of the many devices used in sustainable drainage which can be used individually, or designed as a SUDS train, in which individual devices are linked together in series (see Figure 2 ) providing controls at the source, site and regional scales (Charlesworth et al. 2003; CIRIA 2007) . Examples of such trains in the UK include the Environment Agency SUDS demonstration sites at the Hopwood Motorway Service Area (MSA) near Bromsgrove, UK, on the M42, junction 2 (see Heal et al. 2008 ) and also the Wheatley MSA at Oxford on the M40 (Bray (nd) 2000). Charlesworth et al. (2003) describe such trains as a 'cascade' which is able to tackle many of the negative impacts of GCC which a single strategy alone would not have been able to address.
The SUDS triangle shown in Figure 1 
BENEFITS OF SUDS IN A CHANGING CLIMATE
Vegetated SUDS devices provide the means to regulate climate, intercept stormwater and sequester or capture carbon leading to economic impacts of increased house prices and lowered energy costs (Tratalos et al. 2007) . It has been found that, by greening and cooling the urban environment, negative impacts on human health due to GCC can be reversed (Maas et al. 2006) . The value of SUDS in general and vegetated devices in particular is therefore not confined to a single aspect, but instead there are multiple benefits in the utilisation of this approach.
The following sections explore these benefits which are later incorporated into a suggestion for urban design.
Carbon sequestration and storage (CSS)
Obviously, vegetated SUDS will be growing in some form of substrate; however, since Schlesinger (1999) states that the carbon cycle of soils is the least well known of all the carbon sinks, the focus for this section will be on CSS studies of the vegetation only.
The study of CSS in SUDS devices began within the last decade with most studies concentrating on urban trees (Pataki et al. 2006) . There is a considerable literature on the CSS abilities of constructed wetlands, but since these are relatively unlikely to be incorporated within city boundaries, they will not be considered here. Nowak & Crane (2002) of incident solar radiation. They also found that the larger the trees the greater the benefits, and areas with few trees, such as the city centre, suffered the most during heatwaves.
These findings led to the development of a targeted strategy whereby trees were not simply viewed individually, but were seen as being part of a city-wide approach, providing This could translate into a financial value of the whole forest of over US$20 million due to reduction in energy consumption and atmospheric pollution amelioration.
Other benefits of such a scheme include shading, visual amenity and control of urban glare and reflection.
There are very few studies of green roofs that estimate and to a certain extent swales and constructed wetlands could therefore provide a means to store some of the excess anthropogenic carbon.
Urban cooling
All urban areas will obviously be affected by GCC to some extent, but nearly two centuries ago society was already having a profound impact on climate at the city-scale.
The urban heat island effect (UHIE) was first noted in 1819
in London (GLA 2006) and is peculiar to cities where, even in winter, urban areas can be several degrees warmer than the surrounding countryside. The UHIE has the potential to have adverse impacts on human comfort, and even health (Coutts et al. 2007) , especially during extreme events;
for instance night-time temperatures in London can be some 6-98C higher than those in rural areas (GLA 2006) . 
Distribution of this heat is
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, and is a technique which has been used globally as discussed above with particular reference to mitigating the UHIE. However, one of the main reasons in the UK for the lack of uptake of SUDS is anxiety over maintenance, in particular that of vegetated devices, such as green roofs.
While not arduous, nonetheless a certain amount of care is needed to keep the green roof in optimal condition. However, the incorporation of SUDS into new build requires their addition at the planning stage. They need to be designed to be fit for purpose as is conventional drainage, which in general is designed for the 1 in 30 year storm.
A simple example of drainage design using the SUDS approach is the use of a single swale which has design considerations as set out in Table 2 ; this illustrates that SUDS is most effective when dealing with the smaller, more frequent event, rather than large floods. It would seem, therefore, that SUDS have a significant role to play in any strategy implemented to adapt to or mitigate GCC in cities globally. However, incorporating SUDS devices into new build is relatively easy by planning them in at the design stage; it is the residential, commercial and industrial estates which have already been built which present the most difficulties in terms of retrofitting.
Many developed country's planning laws (for example
The following section suggests devices which can be retrofitted and specific areas of the city which lend themselves to those devices. however, their amenity and biodiversity benefits are limited (Stephenson 2008; British Water 2010) . By taking a simplistic bull's-eye approach as shown in Figure 3 , therefore, it is possible to structure a hierarchy of suitable devices from the urban centre to the periphery, very like a combination of the zonal and multiple nuclei models of urban structure (Burgess 1924; Harris & Ullman 1945, respectively) . Here combinations of devices can be used in trains (see Cumulatively across a city, this could represent thousands of litres of water which does not subsequently contribute to flooding.
INTEGRATING SUDS INTO THE BUILT ENVIRONMENT
To further encourage disposal of surface water on site, RWH, using a tanked PPS system as described above and in , or simple water butts or barrels, can capture water for later reuse outside the home to water a green roof, for example, or inside for toilet flushing.
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Harvesting and reuse of rainwater in this way will reduce the amount of water having to be subsequently managed as it leaves an individual plot. In areas of the world where droughts are becoming common (e.g. Australia), RWH will enable a resource to be saved when it is available.
A large-scale approach which integrates well into a SUDS strategy is that of river restoration (RRC 1999 and 2002) ; in fact Bray (2006) suggests that both SUDS and river restoration share common objectives. Whereas rivers and streams passing directly through the city may be straigh- There will therefore not be a single technique which can be used to solve the problem as a whole, but rather a suite of approaches, tailor-made depending on the situation (geographical location, local climate, city structure, etc.), which can be applied (Yamamoto 2006) . There is an opportunity to undertake the 'smart landscaping' and 'smart design' suggested by Antonelli (2008) to make the most use of the ecosystem services SUDS can provide.
DISCUSSION
The phrase: 'Think globally, act locally' has entered the lexicon of sustainable development, and is an entirely appropriate concept when applied to the SUDS approach as individual cities are implementing strategies to mitigate and adapt to the potential ravages of GCC in general, but the UHIE in particular as shown in Table 3 .
Unfortunately, urban areas are complex at the best of times, or as Turner (1992) put it: 'multicomponent, multiphase'. While this was a reference to the chemistry of urban metal pollutants, the statement is equally valid when considering the urban fabric. The addition of GCC makes this complex environment even more uncertain, especially when it is not known which factors may be synergistic or antagonistic. Adaptation and mitigation therefore do not afford easy options, but now that the majority of the world accepts that GCC is inevitable, ways of adapting to the changes to come, and also of mitigating further change, should be implemented. This review has shown that SUDS can provide a multiple-benefit approach by CSS, mitigation of the UHIE, urban cooling, flooding resilience and improving human and environmental health in cities. SUDS are also very flexible in being able to combine, for instance PPS, RWH, high reflectance and evaporative cooling.
However, the SUDS approach should not be implemented alone (Mentens et al. 2006 Table 3 , it is clear that SUDS are already proving valuable in giving cities the means to meet the challenges of climate change. The lesson to be learnt is that only a multifaceted approach of various integrated strategies will provide long-term answers to the problem of a warming climate.
